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THE DIRECT SYNTHESIS OF ORGANOGERMANIUM TRIHALIDES

ABSTRACT

n-Alkyl chlorides above puopyl chloride react with germanium in
tne preaence of copper as catalyst at 375-425°C to yield n- and
i-alkylgermanium trihalides. The by-products of this reaction are
the corresponding n- and i-alkenes. Chlorocyclohexane shows a
rather poor yield Phenyl germanivm trichloride can bz prepared
by the action of germaniumn tetrachloride and phenyl -hloride on

germanium under similar conditions.
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THE DIRECT SYNTHESIS OF ORGANOGERMANIUM TRIHALIDES
E. Vassiiiou* and E. G. Rochow

Mallinckrodt Laboratory, Department of Chemistry,
Harvard University, Cambridge, Massachusctts

The direct synthesis of crganogermanium compounds has mostly been
empicyed for the preparation of the lower dialkyl and diaryl germanium
dihalidesl, with only a few exceptionsz'4. Other methods have been used
for the preparation of the organogermanium trihalidess, including dealkyl-
ation reactions6'7, cleavage reactions with halogens, hydrogermylation
reactionsg'lﬂ and conversion reactions' > 14, Most of these methods yieldS
mixtures,and'the products require careful purification.

The observation that organogermanium trihalides can be prepared

by the direct reaction of alkyl halides with germanium metal in the presence

‘of catalysts is not newz. However, the poor yield of propyl germanium tri-

chloride preparcd by Rochow, Didtschenko and West2 employing this method
in 1951 was discouraging, and no further attention had been given to this
technique since then.

In the present work, a series of experiments showed that heavier n-
chloroalkanes give yields in the region of 50% (sce Table 1). With butyl-
and amyl- chlorides the product of reaction was contaminated only with
starting material, and no by-product was found. With hexyl- to decyl-
chlorides relatively large amounts of by-products were condensed, the
boiling points of which were much lower than those of the starting materials.

All by-products were soluble in an equal volume of concentrated sulfuric

* Present address: E.I. du Pont de Nemours § Compaﬁy, Developmen’ Depart-
ment, Wilr _ngton, Delaware.

LI IELASLMAA LS ol A s




TABLE 1

ORCGANOGERMANIUM TRIHALIDES PREPARED AND RELATED BY-PRODUCTS

: .
Compound RC1 RGeCl3 Chlorine - Yield Cn"n ok ﬂ
Prepared reacted produed Analysis (%) produced
' '(gr.) SR found |Calc. (gr.)
C4HQGeC13 94 29 44.8 45.0 38 -- --
CSHnGeCI3 35.5 17.4' 42,1 42.5 63 -- --
(o]
C6H136eC13 41.8 16.1 32.9 40.2 47 7.7 40
C7HISGeC13 36.5 13 37.9 38.3 52 16.8 95 i
C.H..GeCl 35.6 11.4 36.9 36.4 48 17 95 :
8§17 3

cglllgﬂeCI3 . 34.8 12.5 34.1 34.7 S3 17.5 97
CIOHZIGeCI3 32.2 11.1 32.8 33.2 57 17 100

- "
C6HnGeC13 56 5.9 39.9 40.5 14 34.8 134

*See text




acid, and also after veing dissolved in absolute alcohol could react
immediately with a 1% solution of potassium permainganate. This behavior
indicatedls the presence of at least'one double bond. The probabic con-
figuration of the by-product therefore would be either RCH-=C!!2 or
Rtﬂ==CHCH3, or a mixture of both. Since the strong infrared bands of
all by-products were almosf identical and lying between 900-1000 cm“1

and 2800-3100 cm'l. those two regioné were studied. For the configuration
RCH::CH2 one would expectl6 one band at 905-915 cm"l (CH2 out-of-plane
deformation), one band at 985-995 t:m"l (Cll out-of-plane deformation), and
bands in the region of 3000 t:m"1 due to CH stretching. Regarding the
R! CH==CHCH3 configuration, the expected bands should be at 960-970 cm'l
{cH out:of-plane deformation) for the trans form, near 690 cm"l (CH out-
of-plane deformation) for the cis form, and in the region of 3000 cm'l.

(CH stret?hing) for both. The bands.observcd (figures 1 and 2 for the

case of heptenes; the spectra of the other members of this series are

not given here since they are almost identical) are:

1) One couple located at 910 and 995 cm'l-(the one lving at 910 being con-
siderably stronger than that -at 995), assigred to l-heptene,

Z) One single band at 965 t:m"l assigned to the trans form of 2-heptene, and
3) A number of bands lying between 2800 and 3100 cm'l, assigned to both.

A comparisén of the spectra with the corresponding A.P.I. curves veri-
ficd the above. The following A.P.I. curves werc emploved for comparison:
1) 1l-hexene (API 472),.2-hex§ne (API 727, 1057 for cis, API 620 for trans),
2) l-ﬁeptene (APL 473), 2-heptene (API 713 for 60% cis, 40% trans, API 714

for 90% trans, 10% cis),

3) 1l-octene (APl 474), 2-octene (API 31 for cis - trans),
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4) 1-nomene {API 1067), and
5) 1-decene (API 1070)

“herefore, it can be cowcluded that both 1- and 2- alkenes are pro-
duced during the course of the direct synthesis of the heavier alkyl
trichlorogermanes.. It can also bhe understood now why in the case of
butyl- and amyi- chlorides no by-product was observed. This is because
the butenes boil below 0°C and the penteres around or just above room
temperature. '

Vapor-pl.ase chromatography experiments showed that in this series
of compounds (butyl-to decyl) apnroximately one third of the starting
material does not rzact. It also showed that no other by-products are
formed, apart from the correspording alkenes.

Regarding the comnounds Cn”ZnolceCIS {n= 4 to 10), the VPC column
employed'(see experimental part) could scparate completely the iso- from
the ﬁormal compound when n= 4 or 3, but as n increases, the separa:ion
ability declines to the point that when n= 10 no separation occurred. In
those cases when scparation takes place, the ratio iso:normal is 1:3 to
1:4, approximately, This separation also uccured in the case of the two
hexenes, showing a ratio of 1:1.

By partial distillation in vacuum the n- and i- alkyl trichlorogermancs
could not be separated from each other, but mixtures of different prorurtions
were obtained. Analysis for the chlorine content of the different frac-
tions yielded identical results.

Nuclear magnetic resonance xpectra could not give additional informa-

tion about the mixtures, since even in the simplest case (of buty®

N .
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trichlorogermane} the multiplets were overlapping.

The infrared spectra of the mixtures consisting of normal and iso-_
alkyl trichiurogermancs are given in figures 3-9.

The overall reaction, therefore, takes place according to the
scheme:

3CH, .Cl + Ge ———% CH, .GeCl, + 2C_H

+H (1)
n 2n+l 375.425°Cc B anl 3 n 2

2

The mechanism of formation of the alkene and iso-germans could be

expiained by the formation of an intermediate secondary frec radical

at the position of the second carbon atom. The appearance of some GeCl,

at both ends of the reaction tube, as well as in some other experiments

which will be discussed later, indicatcs that an additional reaction can take

place, too:
‘RCl + Gc012 —> R pe!:l3 (2)
The formation of grrmanium dichloride could take place through
chlorination of germanium by the chlorohydrocarben. This reaction seems

17-18

to be very similar to that of the preparation of germanium chloro-

form, which most prcbably takes piace in two steps (see for exampie ref.

19):
21C1 + Ge — %,emz + H, (3)

HC1 + GeCl,— HGeCl r4)

3
In order to calculate the yields of the germanes and the by-products,

rezction (1) was asrumed to take place. The amourt o€ the unreacted alkyl

chloride was also taken into account. If this had not been taken into

account, however, the yiclds of the germanes would be approximately 2/3

of those shown in Table 1.
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It can be seen that the alkyl trichlorogerm#nes are produced with
a yield of approximately 50%, and that the corresponding alkenes uppear
in almost the theoretical yield.

Cyclochlorohexane gives a much smaller yield of germane than the
linear aliphatic chloriles, and the part that does not combine with ger-
manium loses HCl and almost quantitatively becomes cyclohexene. If
the amount of that part of cyclochlérohexane that reacted with germanium

is taken into account, the yield of the reaction
' Ge+Cu

C6H11Cl -—;;;:} C6Hlo + HC1 (5)
is 96%. The yield of 134% stated in table 1 means that the part of
cyclochlgrohexane which does not react with germanium reacts further
according to equation (5).

The cyclohexene was recognized as such by the comparison of its infra-
red spe;truh with the spectrum of pure cyclohexene. Additionally, the
VPC shows only one compound, the boiling point of which is 82-83°C.

In this case the cyclohexyltrichlorogermane which is produced is a
pure compound, since‘any secondary free radicals that could be formed
during the reaction are equivalent. .The same, of course, is valid for
the by-product, cyclohexene. The i.r. spectrum of the cyclohexyltrichloro-
germane is shown in figure 10.

Phenyl trichlorogefmane was produced by employing a different technique.
Since silver is considered a better catalyst than copper for the direct
synthesis of.aryl chlorogermanes, the reaction tube was filled up with a
mixture of germanium and silver powders suspended on glass wool. The
temperature was kept constant at 450°C. Fifty cc of a mixture of GeCl4
and C6H5C1 reacted according to the left part of the equation

"2PhC1 ¢ GeCl, + Ce B __ 2PRGeCl (6)

4 450°C




INVIWHIOOHOTHOIYL TTAX3HOTIDAD Ol 9id
(i-ND) AON3ND3Y4
0]0) omum oom on.z. omvw oom oo.o_ omu: oo.N_ oo.m— 5
J
- vON
J J uO.W
.g +09
7 -08
’ v T LR — L | — Al — Td L] J Ld — — v v v L — \ | Al A — T v v Too—
0Ge 002 ocl o0l 06 08 Gl

SNOYOIW

JONVLLINSNVYEL %



-17-

when allowed to pass throuéh the tube steadily over a period of 20 hours,
The products of reaction were GeClz, PhGeCls, and uureacted PhCl

and GeC14. Vapor-phase chromatography showed no by—products. The i.r.

spectrum of this mixture is shown iﬁ figure 11. The broad band at¢v880.

cm ~ is most probably due to hydrolrsis products.

EXPERIMENTAL

Apparatus

The apparatus for the direct synthesis of organogermanium trihalides
consisted of a reaction tube 2 cm in diameter and 50 cm long filled with
a mixture of germanium powder and the proper catalyst. For each hydro-
carbon halide a new tube containing fresh germanium and catalyst was used.
For the'aliphatic series the catalyst was copper powder whici: had pre-
viously been reduced under hydrogeﬁ at 350°C. The mixture (IO.g germanium

and 10 g copper) was suspended on glass wool, and occupied a length o

I’_..

the tube equal to 20 cm. The tube was mounted in a horizontal furnace and
the temperature was measured by means ¢f a Chromel-Alumel thermocouple
protected ty a pyrex tube of small diameter which was permanently fixed
in the reaction tube so that the junction of the thermocouple correspondad
to the middle of the fﬁrnace. Since the length of the furnace was twice
of the active part of the reaction tube, the temperature drop toward
the two ends of the reaction region was rot excessive. Any heat loss was
reduced by some glass wool in the reaction tube at both ends of the
furnace.

The liquid reagent was injected directly intc the tube by means of
50 cc hypodermic syringe provided with a long needle and mounted on a

special screw-drive mechanism so that it could automatically deliver its

{141 i

i




(Q3ZAI0HAAH ATIVILYHYD A8Y80dd) 3INVWHIOOHOTHOIYL TAN3IHd U 9Old

(1.WD) ADN3ND3YA
(010} % 00¢ 009 004 008 006 0001 oou 0021 0,0,

] | T
- 'ON
=8

- a0¢o
—
o
: :
2
w
=
. 09 5
—
>
2
O
mi

= xow
§ Pw\ 0ol

~ A \J L — A\ — L — 1 — v — AJ _ v v v _ AJ A L _]-.\ v T 10
062 0107 oGl oal 06
SNOHOIW




-19-

contents‘in 20 hours. Other systems of reagent feeding, such as that of
evaporation, weré found to be much less efficient, since the flow rate
could not casily be controlled.

The products of reaction were condensed at the other end of the tube
in a 250 ml flask through a water-cooled condenser. The flask was pro- .
vided with an outlet leading to a T-shaped junction through which dry
nitrogen was passed toward a trap cont;ining minera’ oil. This arrange-
ment allowed the vresence of an inert atmosphere without interfering with
the flow rate of the rcagent or the pres;ure of the system, which remained
at the atmospheric level. The apparatus is schematically represented
in figure 12.
Procedure

After the high-temperature reactions, the condensatss iniiially were
distilled under atmospheric pressure. The residues then were redistilled
in vacuum. The different fractions could be recognized by a combination

of techniques such as infrared spectroscopy, vapor-phase chromatography,

chemical analysis, etc.

Reagent§

The following reagents were used:

(a) Germanium powder (kindly provided by the Eagle-Picher Company through

the Germanium Research Committec).

(b) Copper powder (Fisher, electrolytically purified) which was re-
duced by hydrogen.
(c) Silver powder (Fisher, cat. No. S-167).

(d) Hydrocarbon halides R Cl (EastmanOrganic Chemicals), where R is

MR HRARUNT HH O H
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butyl-, amyl-, hexyl-, cyclohexyl-, phenyl-, heptyl-, octyl-, nonyl-,
and decyl-. .

(e) GeCl4, which was prepared by chlorination of germanium powder.
Residual chlorine was removed20 with HgZClz, and residual 1iCl was re-
moved with anhydrous sodium carbonate. The germanium tetrachloride was
then distilled under atmospheric pressure. .

Analysis

A few methods ware tried for the quantitative determinatiar of
hydrolysable chlorine in the product of reaction. The aiost effective,
accurate, and fast method was found to be the following:

Approximately 0.3 g. of organometallic commound was weighed accurately
and dissolved in 50 cc of absolute alcohol. (It was found that compounds
" containing alkyls heavier than the hexyl- group required 100-150 cc of
alcohol.) Then an excess of ca. 2N silver nitrate solution was added
drop-wis< under concinuous stirring. The precipitate was filtered,
washed with absolute ilcohol, dried at 120°C {»r 2 hours, and then
weighed as AgCl.

The method was tested by'determining the chlorine content of di-
phenyldichlorogermane (Alfa Inorganics, Inc.). The experimental values
were 0.1 to 0.2% lower than the calculated values, due probably to hydrolysis
during standing, even in a well-closed container.

Infrared Sp “tra

The infrared spectra of the products and the by-products were taken
in the region 400-4000 cm'l by means of a Perkin-Elmer mcdel 337 spectro-

meter. A liquid film of the compound was used hetween KBr windows.




Vapor-Phase Chromatography

An F.5.M. model 609 flame ionization detector was used for the
VPC measurements. The column was an 8 ft. 5% silicone gum GE-XE-60
cnh 60-80 S. 609,

Nuclear Magnetic Resonance

The N.M.R. spectra of some of the compounds were taken using a
Varian A-60 N.\{.R. spectrometer.
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